Background: Evidence suggests that people who are more responsive to psychological stress are at an increased risk of developing obesity. However, the biological mechanisms underlying this phenomenon are poorly understood. The cytokines leptin, interleukin-1 receptor antagonist (IL-1Ra) and interleukin-6 (IL-6) play a key role in fat metabolism and abnormal circulating levels of these proteins have been reported in obese people and in individuals subject to stress. Objective: This study investigated whether cytokine responses to acute mental stress are associated with adiposity in healthy young women. Design and Subjects: A laboratory study of 67 women, aged 18-25 years, recruited from University College London. Measurements: Height, weight and waist circumference were measured and body fat mass was estimated by bioelectrical impedance body composition analysis. Laboratory mental stress testing was carried out and blood pressure and heart rate were recorded at baseline, during two moderately challenging tasks (Stroop and speech) and during recovery 40-45 min post-stress. Blood samples taken at baseline, immediately post-stress and 45 min post-stress, were used for assessment of circulating cytokines. Saliva samples taken throughout the session were assessed for cortisol. Results: Women who had larger cytokine responses to stress were more abdominally obese than women with smaller cytokine stress responses. Specifically, there was a positive correlation between waist circumference and stress-induced increases in plasma levels of leptin (r ¼ 0.35, Po0.05) and IL-1Ra responses (r ¼ 0.29, Po0.05). There was also a significant positive correlation between prolonged diastolic blood pressure responses to stress and measures of total and abdominal obesity (r ¼ 0.28-0.33, Po0.05). Conclusion: Increased cytokine production could be a mechanism linking stress and abdominal obesity.
Introduction
Recent years have seen a sharp rise in the prevalence of obesity, with numbers escalating to epidemic proportions in many parts of the world. 1 According to recent National
Health and Nutrition Examination Survey data, over 60% of the US population is overweight (body mass index, BMIX25 kg m
À2
) and 30% are obese (BMIX30 kg m
). Figures in the United Kingdom are similar, with a fourfold increase in the prevalence of obesity in the past quarter century. Women tend to be more prone to obesity than men, and this is particularly evident in developing countries where the prevalence of obesity is 1.5-2 times higher among women. 1 Obesity, and in particular abdominal obesity, is commonly accompanied by elements of the metabolic syndrome, including insulin resistance, hypertension and dyslipidemia and is associated with impaired immune function and an increased risk of chronic inflammatory diseases, such as type 2 diabetes, atherosclerosis, certain cancers and respiratory disorders. 2, 3 It therefore poses a major challenge to public health care. Obvious contributing factors to the rise in obesity are a reduction in levels of physical activity coupled with a rise in consumption of processed, energy-dense food. However, increasing evidence suggests that the stresses of modern day life could also play a significant role.
Psychological stress activates the hypothalamicpituitary-adrenal (HPA) axis, resulting in elevations in circulating glucocorticoids, and the sympathetic nervous system (SNS), leading to increased blood pressure (BP), heart rate and circulating catecholamines. 4 Evidence suggests that people who are more responsive to psychological stress are at an increased risk of developing obesity, and particularly abdominal obesity. 5 For example, an elevated cortisol waking response has been consistently associated with abdominal adiposity in healthy men. [6] [7] [8] Similarly, heightened cortisol responses to acute laboratory stress, as well as impaired dexamethasone suppression of cortisol have been associated with increased waist-hip ratio in healthy men and women. [9] [10] [11] Disturbances in sympathetic responsiveness to psychological stress have also been linked to abdominal obesity. Waist-hip ratio was associated with heightened stress-related increases in diastolic BP and total peripheral resistance in a study of pre-menopausal women, 12 and waist circumference correlated with greater systolic and diastolic BP and heart rate reactivity to mental stress in older African men and women. 13 However, other studies have found no relationship between obesity and cardiovascular reactivity to stress. 14 It is possible that cardiovascular recovery following stress may be more important. Supporting this, a more recent analysis of middle-aged people from the Whitehall II cohort found that impaired cardiovascular recovery following an acute laboratory stressor, manifest as prolonged elevations in systolic BP and cardiac index, was longitudinally associated with central adiposity in men, predicting a 3-year increase in waist-hip ratio. 15 Several factors may contribute to individual variation in responsiveness to stress including genetic predisposition, gender, early life and current events. 5 Notably, chronic stress exposure has been associated with a dysregulated HPA and/ or SNS response, and there is growing evidence for an association between chronic stress and abdominal adiposity.
5
Chronically stressed, socially subordinate cynomolgus monkeys develop more intra-abdominal fat than their nonstressed counterparts. 16 In humans, chronic work stress and low socioeconomic status are associated with an increased risk of developing abdominal obesity, overall obesity and the metabolic syndrome, independent of traditional risk factors such as smoking, diet and exercise. 17, 18 Cross-sectional studies have also reported an increased prevalence of central obesity in people suffering from depression, although the causal direction of this phenomenon remains unclear. 19, 20 Notably, the observed associations of depression and low socioeconomic status with central obesity are particularly strong for women, suggesting that women may be most vulnerable to the adverse effects of stress. Despite evidence for a role of the HPA and SNS axes in adiposity, the precise biological mechanisms underlying the association between stress and obesity remain unclear. One potential mechanism might be cytokines. Obesity is associated with a state of chronic systemic low-grade inflammation, and obese humans have elevated circulating levels of a variety of inflammatory markers, including the cytokines leptin, interleukin-1 receptor antagonist (IL-1Ra) and interleukin-6 (IL-6). 3 Leptin is significantly elevated (approximately fourfold) in obese people and correlates with percentage body fat. 21 The effect is also striking for IL-1Ra; serum IL-1Ra levels are sevenfold higher in morbidly obese patients, where they are positively correlated with BMI. 22 In contrast, moderately elevated circulating IL-6 levels have been reported in some groups of obese patients but not others. 22, 23 Cross-sectional studies have also demonstrated a positive association between circulating levels of leptin, IL-1Ra and IL-6 and measures of central and total adiposity in healthy non-obese people [21] [22] [23] whereas weight loss induced by gastroplastic surgery or dieting in morbidly obese patients leads to parallel reductions in circulating levels of these cytokines. [21] [22] [23] Evidence from studies in humans suggests that cytokines are sensitive to psychological stress. Elevated circulating levels of inflammatory cytokines have been reported in people with high levels of perceived daily stress, people of low socioeconomic position and carers of a dementing spouse. 24, 25 Abnormal plasma cytokine levels were also found in people suffering from depression and in patients with post-traumatic stress disorder. 26, 27 In addition, our group and others have previously shown that a variety of acute stressors modulate circulating levels of cytokines in healthy humans and animals. 25, 28 We therefore postulated that stress might promote obesity by stimulating increases in cytokines. To test this hypothesis, we investigated the relationship between measures of adiposity and cytokine, cardiovascular and neuroendocrine responses to stress in a group of healthy young women.
Methods

Participants
A total of 67 healthy women, aged 18-25 years, were recruited from University College London. Volunteers were screened by structured interview to ensure that they were healthy, had no previous history of any relevant physical or mental illness, and were not taking any medication. Two additional women were tested, but were excluded from analyses since one was greatly overweight with a BMI of 43.4, while the other was very underweight (BMI 15.6). Participants were instructed not to consume caffeinated beverages or alcohol and to refrain from excessive exercise, during the 12 h prior to the session. They were also asked not to take aspirin, ibuprofen or antibiotics for 10 days prior to testing, to avoid a high-fat breakfast, and were provided with a low-fat lunch prior to the session.
Anthropometric measures
Measures of participants' weight, height and waist circumference were obtained using standardized methods. BMI was calculated as body weight in kilograms divided by height in metres squared. Waist circumference was measured midway Laboratory mental stress testing Participants were tested individually in the afternoon in a light-and temperature-controlled laboratory. Following insertion of a venous cannula in the lower arm for blood sampling, participants rested for 30 min. They then completed two 5 min behavioural tasks, administered under time pressure. The first was a computerized colour-word interference task, involving the successive presentation of target colour words printed in an incongruous colour. The task was to press a computer key that corresponded to the position at the bottom of the screen of the name of the colour in which the target word was printed. The second task was a public-speaking exercise. Participants were presented with a hypothetical scenario in which they had been wrongly accused of shoplifting, and were instructed to give a speech in their defence. They were told that their speech would be video-recorded and later judged for efficacy and fluency. After completing the tasks, they rested for the remainder of the session. A single-item Likert scale was used to measure subjective stress at baseline (towards the end of the rest period), following each of the tasks and then at 45 min post-task; scores could range from 1 (no stress) to 7 (very high stress).
Cardiovascular and neuroendocrine measures
To investigate the relationship between the stress axes, cytokines and adiposity, measures of sympathetic and HPA activity were included. BP and heart rate were monitored throughout the session using a Portapres 2, a portable version of the Finapres continuous BP monitoring device that shows good reproducibility and accuracy in a range of settings (TNO-TPD Biomedical Instrumentation, Amsterdam, Holland). Five-minute recordings of BP and heart rate were made at baseline (towards the end of the rest period), during each of the tasks and then at 40-45 min post-task. Saliva samples were collected using Salivettes (Sarstedt Inc., Leicester, UK) at baseline (towards the end of the rest period), immediately after tasks and during recovery. Salivary cortisol was analysed as described previously, 6 using a time-resolved immunoassay with fluorescence detection, at the Technical University of Dresden, Germany. Intra-and inter-assay variability were o10 and 12% respectively.
Cytokine assays
Blood samples were taken at baseline, immediately after tasks and at 45 min post-task. Whole blood (10 ml) was drawn using a 21-gauge butterfly needle into vacutainer tubes containing EDTA as anticoagulant, then centrifuged immediately at 1250 g for 10 min at room temperature. Plasma was removed, aliquoted and frozen at À80 1C prior to analysis. Plasma concentrations of IL-6 were assessed by a high-sensitivity two-site enzyme-linked immunosorbent assay (ELISA) from R&D Systems (Oxford, UK). The limit of detection of the IL-6 assay was 0.09 pg ml
À1
, with intra-and inter-assay coefficients of variation (CVs) of 5.3 and 9.2%. Plasma IL-1Ra concentrations were determined by a commercial ELISA from R&D Systems. This assay had a limit of detection of 15 pg ml À1 and inter-and intra-assay CVs of less than 10%. Plasma leptin concentrations were determined by a commercial ELISA from Ray Biotech at Insight Biotechnology Ltd (Middlesex, UK). Samples were diluted 1/200 prior to analysis. The limit of detection of this assay was 6 pg ml À1 , with intra-and inter-assay CVs of less than 10 and 12% respectively.
Statistical analysis
Subjective and biological responses to tasks were analysed using repeated measures analysis of variance. The Greenhouse-Geisser correction for sphericity was applied where appropriate. Post hoc tests following significant main effects were carried out with Tukey's least significant difference test. The associations between biological responses and adiposity were analysed using partial correlations. Three measures of adiposity were analysed: BMI, percent body fat and waist circumference. Three aspects of biological response were analysed: baseline levels, stress reactivity (computed as the change in levels between baseline and stress) and stress recovery (change between baseline and 45 min post-stress). Age, ethnicity and smoking status were included as covariates in all correlations. In addition, the correlations involving reactivity and recovery effects were controlled for baseline levels of the biological measure in question. A correlational rather than regression approach to analysis was selected in the light of the cross-sectional nature of the study. The associations between cytokine stress responses and adiposity were illustrated by dividing the sample into tertiles of waist circumference. The mean cytokine response for each tertile adjusted for covariates is presented.
Ethics
We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during this research. All participants gave their informed consent, and the study was approved by the UCL/UCLH Committee on the Ethics of Human Research.
Results
Participant characteristics
The characteristics of the sample are presented in Table 1 . Women in this study were relatively young with Subjective and physiological responses to stress Details of participants' subjective and physiological responses to stress are presented in Table 2 . Subjective stress ratings increased during the tasks and returned to low levels during recovery, falling below baseline at 45 min post-task (Po0.001). Tasks induced significant changes in participants' BP, with average increases of 13.3 mm Hg in systolic and 10.3 mm Hg in diastolic pressure (Po0.001). Heart rate also increased substantially in response to stress with an average rise of 11.5 b.p.m. during tasks (Po0.001). There were large individual differences in cardiovascular stress responses, with changes in systolic BP ranging from a decrease of 13.3 mm Hg to an increase of 46.7 mm Hg during tasks and a decrease of 24.7 mm Hg to an increase of 18.8 mm Hg at 45 min post-task. Similarly, diastolic BP responses ranged from a decrease of 3.1 mm Hg to an increase of 37.1 mm Hg during tasks and from a decrease of 15.7 mm Hg to an increase of 20.1 mm Hg at 45 min post-task. In addition, there was a small but significant (14.5%) rise in salivary cortisol in response to tasks, which returned to baseline levels during the rest period (Po0.01).
Plasma levels of IL-6 increased significantly in response to tasks, with maximum levels detected 45 min post-stress (Po0.001). On average, plasma levels of IL-1Ra did not increase in response to tasks. However, there were important individual variations in IL-1Ra responses, ranging from a decrease of 148.2 pg ml À1 to an increase of 203.4 pgÀml
À1
immediately post-task, and from a decrease of 148.1 pg ml
to an increase of 124.2 pg ml À1 at 45 min post-stress. There was a small but significant increase in plasma leptin levels following tasks, with maximum levels detected 45 min poststress (Po0.001). These levels were in the expected physiological range for non-fasting women. 29 The IL-6 stress response at 45 min correlated with leptin at 45 min (r ¼ 0.27, P ¼ 0.049). This association was independent of baseline plasma IL-6 and BMI. Plasma concentrations of IL-1Ra were also positively correlated with plasma leptin immediately post-stress (r ¼ 0.30, P ¼ 0.023) and at 45 min post-stress (r ¼ 0.32, P ¼ 0.020). There was no relationship between plasma concentrations of any of the cytokines at baseline.
Relationship between measures of adiposity and physiological stress responses
Associations between measures of adiposity and physiological responses to stress are summarized in Table 3 . Absolute levels of diastolic BP correlated with BMI, percent body fat and waist circumference at baseline (r ¼ 0.27-0.36, all Po0.05). There were no significant correlations between baseline systolic BP and adiposity measures. Adiposity measures did not relate to stress-induced cardiovascular reactivity (increases in systolic BP, diastolic BP and heart rate during tasks). However, there was a significant relationship between impaired recovery of diastolic BP responses and adiposity. Recovery change scores in diastolic BP at 45 min correlated with percent body fat (r ¼ 0.33, Po0.05) and waist Plasma levels of leptin at baseline were significantly related to BMI, waist circumference and percent body fat (r ¼ 0.44-0.59, all Po0.001), independent of age, ethnicity and smoking. The increase in leptin from baseline to immediate post-stress was significantly associated with waist circumference, independent of age, ethnicity, smoking and baseline leptin (r ¼ 0.35, Po0.05). The association between leptin stress response and waist circumference remained significant, after controlling for BMI (r ¼ 0.31, P ¼ 0.025). Baseline plasma levels of IL-1Ra were correlated with waist circumference (r ¼ 0.39, Po0.01). There was also a significant relationship between the IL-1Ra stress response at 45 min and waist circumference (r ¼ 0.29, Po0.05), independent of age, ethnicity, smoking and baseline IL-1Ra levels. The association between IL-1Ra stress response and waist circumference remained significant when BMI was included as a covariate (r ¼ 0.30, P ¼ 0.040). Plasma levels of IL-6 at baseline were significantly related to BMI and percent body fat (r ¼ 0.28-0.31, Po0.05). There was no significant association between IL-6 stress responses and adiposity measures.
These results are illustrated in Figures 1 and 2 , which show mean levels of central adiposity (waist circumference) in relation to tertiles of inflammatory cytokine responses. All values are adjusted for age, ethnicity, smoking status and baseline cytokine levels. The results show that people with larger IL-1Ra responses 45 min post-stress had greater central adiposity. IL-1Ra responses were 15.1% larger among individuals in the highest vs lowest tertile of waist circumference. Similarly, people with larger leptin responses immediately post-stress had greater central adiposity with a 37.9% larger leptin response in the highest vs lowest tertile of waist circumference.
Relationship between cytokine responses and measures of SNS and/or HPA activation The increase in plasma IL-6 at 45 min post-stress correlated with heart rate response at 45 min (r ¼ 0.42, Po0.001), so that people with larger IL-6 stress responses had poorer post-stress recovery in heart rate. These associations were independent of age, ethnicity, smoking, baseline IL-6 and baseline heart rate. Similarly, plasma IL-6 levels at baseline were positively correlated with diastolic BP (Po0.05) but 
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were not related to systolic BP. There was also a positive relationship at all time points between plasma leptin levels and heart rate (r ¼ 0.32-0.41, all Po0.01), independent of baseline heart rate and BMI. There were no BMI-independent associations between leptin measures and either systolic or diastolic BP, and no associations between IL-1Ra measures and either BP or heart rate. Increases in cortisol following stress were not related to cytokine responses.
Discussion
Despite growing recognition of the importance of inflammation in obesity, the link between stress, inflammation and adiposity has not previously been examined experimentally in humans. Here we demonstrate for the first time an association between stress-induced inflammatory cytokine responses and abdominal obesity in women. Specifically, stress-induced increases in leptin and IL-1Ra were significantly correlated with waist circumference, independent of age, ethnicity, smoking and BMI. These findings add to the expanding literature that supports an association between heightened responsiveness to stress and central obesity, highlighting cytokines as a potential mechanism linking stress and adiposity.
Due to the cross-sectional nature of this study, our findings may be interpreted in two ways. First, adipose tissue may be an important source of stress-responsive cytokines. Indeed, adipose tissue is no longer considered a passive storage depot for excess fat but rather a highly active endocrine organ that secretes signalling molecules playing a role in inflammation, weight regulation and metabolic function, including cytokines. 30 It is heterogeneous and contains not only adipocytes but also a stromal vascular cell population including macrophages. 30 White adipose tissue (WAT) is a major source of leptin and IL-1Ra in humans and rodents and the expression of these cytokines is markedly upregulated in obese WAT. 21, 31 The macrophage content of WAT is significantly increased in obesity, mediated partly through increased infiltration of circulating macrophages, and this is thought to be a mechanism contributing to elevated cytokine levels. 32 Supporting this, leptin produced by adipocytes stimulates IL-1Ra production by monocytes, through binding to leptin receptors expressed on these cells. 33 Importantly, the inflammatory process in obesity is most prevalent in abdominal WAT, which constitutively expresses a number of acute-phase proteins in addition to cytokines. 4 Compared to overall obesity, abdominal obesity is more strongly associated with circulating levels of inflammatory proteins such as C-reactive protein and fibrinogen as well as inflammation-sensitive platelet activation and lipid peroxidation in humans. 17, 34, 35 This may explain why we find a stronger association between cytokine responses and abdominal adiposity. A second interpretation of our results is that stress-induced cytokines contribute to abdominal obesity. Circulating cytokines can signal the brain through a variety of routes including circumventricular organs lacking the blood-brain barrier, transport molecules on brain endothelium and activation of vagal afferent nerve fibres. 26 Leptin is the principal regulator of food intake in animals. 36 Secreted primarily by adipocytes into the blood, it binds to receptors on specific hypothalamic nuclei and regulates energy balance by reducing appetite and stimulating physical activity and thermogenesis. 36 Ob/ob mice lacking the leptin gene are profoundly obese, whereas elevated circulating levels of leptin in obese humans and animals suggest a form of 'leptin-resistant' obesity. 21, 36 The hypothalamic effects of leptin on food intake depend heavily on the action of IL-1b. 37 IL-1Ra binds to IL-1 receptors without inducing a cellular response, thereby antagonizing the effects of IL-1b, and central administration of IL-1Ra in rodents inhibits both leptin-induced suppression of food intake and increases in body temperature. 37 Similar mechanisms may be operative in obese humans, where elevated plasma IL-1Ra correlates with increased circulating leptin, and weight loss leads to a parallel reduction in IL-1Ra and leptin. 22 At a peripheral level, these cytokines have profound effects on lipid metabolism and adipogenesis. Leptin is a potent stimulator of lipolysis and fatty acid oxidation in human adipose tissue. 38 It also stimulates adipose tissue apoptosis, inhibits proliferation of pre-adipocytes, and slows insulinstimulated lipogenesis by reducing the activity of lipoprotein lipase, an enzyme pivotal in the uptake of fatty acids and lipid accumulation in adipose tissue. 38, 39 The peripheral effects of leptin may also be mediated by IL-1b since both IL-1b and IL-1 receptors are expressed in human WAT and IL-1b stimulates lipolysis and suppresses lipogenesis and adipocyte differentiation in WAT in vitro. [40] [41] [42] The ratio of IL-1Ra to IL-1b is increased almost fivefold in WAT from obese patients, suggesting that IL-1Ra may also promote obesity by inhibiting the peripheral actions of IL-1b and leptin. 31 Accordingly, IL-1Ra blocks the inhibitory effects of IL-1 on WAT adipogenesis in vitro 42 and mice lacking the IL-1Ra gene are significantly lighter than wild-type mice, with decreased fat mass related to impaired adipogenesis and increased energy expenditure. 43 The pathways driving the association between stress, cytokines and adiposity are unclear, although evidence suggests that the SNS and HPA axes may be involved. Unlike other fat depots, visceral fat has a rich blood and nerve supply, and a high abundance of glucocorticoid receptors and b-adrenergic receptors. 4 Cortisol binding to glucocorticoid receptors promotes lipid uptake by activating lipoprotein lipase, and this effect is facilitated by the enzyme 11-b-hydroxysteroid dehydrogenase type-I, which is prevalent in abdominal fat and converts inactive cortisone into active cortisol. 4 Elevated cortisol levels inhibit growth hormone and sex steroids, which normally enhance lipolysis and antagonize the effects of glucocorticoids, further promoting an accumulation of abdominal fat. 5 Glucocorticoids stimulate leptin (ob) gene expression in human adipose tissue Stress, inflammatory cytokines and adiposity L Brydon et al in vitro and increase plasma leptin concentrations in humans in vivo. 44 They may also indirectly increase levels of IL-1Ra, through their stimulatory effect on leptin. 33 Notably, patients with endogenous Cushing's syndrome, a condition characterized by hypercortisolemia and abdominal obesity, have elevated circulating levels of IL-1Ra and leptin. 45 In these patients, IL-1Ra levels are strongly correlated with both abdominal fat and leptin, and surgical weight loss is paralleled by a marked reduction in IL-1Ra and cortisol, together with an increase in circulating levels of IL-1b. 45 The present study found no correlation between cortisol responses and adiposity or cytokine measures. However, the tasks used here were only moderately stressful and cortisol responses were very small. More socially evaluative tasks eliciting more robust changes in cortisol, may be required to observe such correlations. 46 Consistent with previous results, we found a positive association between impaired post-stress recovery of diastolic BP and adiposity. 15 There was also a positive relationship at all time points between leptin levels and heart rate, independent of baseline heart rate and BMI. Chronic leptin infusion has been shown to stimulate sympathetic outflow to thermogenic and non-thermogenic organs of rodents, and to increase heart rate and arterial BP in animals. 47 Similarly, a number of cross-sectional clinical studies have reported positive correlations between circulating leptin levels and heart rate and BP in lean and obese humans. 47, 48 It is thus conceivable that stress-induced increases in leptin may contribute to the increased cardiovascular risk associated with abdominal obesity. 2 Lastly, recent evidence suggests that the neural transmitter neuropeptide Y (NPY) may play a role in the association between stress and obesity. In mice, social aggression stress increased NPY release by sympathetic nerves and this, in turn, promoted the development of abdominal obesity through specifically upregulating and activating NPY receptors (NPY2R) on abdominal WAT, and stimulating angiogenesis, macrophage infiltration and adipocyte differentiation in this tissue. 49 Importantly, these effects were only seen in the combined presence of stress and a high-fat diet. Since NPY2R are expressed in human WAT, it would be interesting to further investigate this pathway in humans. This investigation was carried out in a sample of young, predominately white women and results may not generalize to other groups. Cytokine analyses were conducted on nonfasting plasma samples, and studies in animals and humans indicate that ingestion of food with a high carbohydrate or fat content leads to increases in circulating leptin. 38 However, other studies report only long-term dietary effects of chronic overfeeding. 38 Relevant to this, on the day of the study we advised participants to avoid eating a high-fat breakfast, and provided them with a low-fat lunch. Menstrual cycle is also known to affect cytokine levels. 29 However, differences in psychophysiological stress reactivity across the menstrual cycle have been very inconsistent, so we did not control for cycle phase in this study. 50, 51 Taken together, our results suggest that inflammatory cytokines play a significant role in the association between stress and abdominal obesity. Future work should further investigate the causal direction of this association, as well as the potential role of eating behaviours and other stress hormones such as NPY.
